Background
Seizures in the newborn period are associated with high morbidity and mortality which make their detection and monitoring a vital part of neonatal intensive care management [1, 2] . Seizure activity in newborn infants is often not clinically obvious, and hence detection of seizures is particularly challenging. Clinical observation alone can lead to under-diagnosis of neonatal seizures, as nearly 80% of seizures can be occult [3] . Seizures may also be over-diagnosed as clinically suspected episodes may not show corresponding electrographic evidence of seizures [4] . Conventional EEG (cEEG) and amplitude-integrated EEG (aEEG) are currently the two main methods used in the newborn infants for detection and monitoring of neonatal seizures. cEEG uses the full complement of scalp electrodes applied according to the international 10-20 system (frequently modified for neonates) by skilled technologists and interpreted by experienced neurologists. cEEG is considered as the ''gold standard'' for evaluating EEG background and detecting electrographic seizures [5] [6] [7] . However, cEEG may not be readily available in many centres, especially for continuous bedside monitoring [8] . In addition, the results are often not available in real time to assist with patient management [9] .aEEG or cerebral function monitor is a simplified method which uses a fewer number of electrodes to collect EEG information that is compressed in time to generate a tracing that can be used for detection and evaluation of seizures, providing information in real time [10] . This modality has been adopted by neonatal units in many parts of the world [11] .
Several studies have evaluated the accuracy of aEEG for detection of neonatal seizures. The only systematic review on this topic was in 2011, and included five studies published between 2004 and 2009 [12] . The quality of included studies was not assessed in that review. Since then, more studies have been published. Hence we conducted this systematic review to synthesize the current evidence regarding accuracy of aEEG for detection of neonatal seizures. We also evaluated the quality of included studies using the Quality Assessment of Diagnostic Accuracy Studies -2 (QUADAS-2) tool [13] .
Methods
The systematic review was conducted and reported as per recommendations of the Cochrane Collaboration Diagnostic Test Accuracy Working Group [14] , and the PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analysis) guidelines [15] .
Study selection
Studies comparing aEEG with the simultaneously recorded cEEG for detection of neonatal seizures were included in the review.
Participants
The participants were neonatal population with suspected seizures or at risk of seizures.
Index test
Index test was aEEG. We included studies in which a separate machine was used to record aEEG, as well as studies in which aEEG was derived from signals from the cEEG machine.
Reference standard
Reference standard was cEEG interpreted by an experienced electroencephalographer/neurologist.
Exclusion criteria
We excluded studies that focused only on background pattern without addressing the issue of detection of neonatal seizures, and studies in which there was no simultaneous cEEG.
Target condition
Target condition of diagnosis was neonatal seizure. On cEEG, a seizure is defined as a sudden, repetitive, evolving, and stereotyped waveform with a clear beginning, middle and ending, and a minimum duration of 10 s [16, 17] . A seizure is diagnosed on aEEG as a transient rise in aEEG amplitude, maximum and minimum border, or sometimes only the minimum border [18] .
Outcome
Outcome was accuracy of aEEG for diagnosis of neonatal seizures when compared with cEEG.
Search strategy
A search of the EMBASE, CINAHL and PubMed databases was performed in September 2014. The following keywords were used for the search: Infant, newborn [MeSH Terms] AND (aEEG OR amplitude integrated electroencephalogram OR cerebral function monitor) AND seizure*. The Cochrane library was searched for systematic reviews. ClinicalTrials.Gov website was searched to identify ongoing studies. No language or time restrictions were applied. Two authors (SP and AR) independently performed the literature search. The abstracts of all the accumulated articles were reviewed independently to identify the potential studies. The full texts of such articles were read to decide on the eligibility for inclusion. Any disagreement regarding study selection was resolved with discussion with co-reviewers (SR, LN and SG).
Data extraction and quality assessment
Two authors (SP and AR) independently collected data from included studies in a pre-specified form. The following information was collected: Title of the article, author names, year of publication, sample size, study patient characteristics, device used for recording cEEG and aEEG, duration of simultaneous recording, aEEG montage, methods used to assist aEEG interpretation, aEEG and cEEG interpreter characteristics, aEEG accuracy indices [i.e. sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV)], limitations and conclusion. For studies which did not report on PPV and NPV, they were calculated by reviewers (AR and SR) if adequate information was given in the article.
All included studies were assessed by two reviewers (AR and SR) using QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies) tool. It is an evidence-based tool to assess the quality of primary diagnostic accuracy studies [13] . Important aspects of the tool are assessment of risk of bias and applicability in the study. The judgement regarding risk of bias is to be based on the predefined signalling questions with regard to the following four domains: (1) patient selection (whether consecutive or random samples were selected, was case-control design used, and whether inappropriate exclusions done?), (2) index test (whether appropriate blinding and threshold for diagnosis was used?), (3) reference standard (whether reference standard was appropriate, whether blinding was sufficient?) and (4) flow -timing (whether time of index and reference test was appropriate, whether all patients received same reference standard and were all patients included in the analysis?). Judgement regarding applicability is based on the extent to which bias in any domain is likely to affect the question in the review. The risks of bias and applicability concerns were rated as ''low'', ''high'' or ''unclear'' [19].
Statistical analysis
Meta-analysis was planned to calculate the pooled sensitivity, specificity, PPV and NPV. We planned to do only simple summary statistics and narrative synthesis if significant clinical heterogeneity was observed. The RevMan 5.2 software was used to generate tables and graphs for representing the results of risk of bias assessment of included studies [20] . Table 2 .
Results
Ten studies were included in the review. The total sample size was 433, with majority being term or near term infants. Three studies included preterm infants less than 32 weeks (n = 25) [22, 27, 28] . Six studies were prospective and four were retrospective. The sample size of individual studies varied from 12 to 121. The duration of simultaneous recording varied from 23 min to 44 h. Five studies used a separate machine to obtain aEEG while five used an aEEG that was derived from the signals from the cEEG machine. Automatic detection of neonatal seizures technology was used in one study [25] . Four studies reported on the accuracy of aEEG for the detection of ''individual seizures'', one study reported on the accuracy of aEEG in diagnosing ''patients with seizures'', while five studies reported on both outcomes.
A significant clinical heterogeneity was noted among the included studies in the following domains: (a) study design . Hence, a detailed metaanalysis was considered not appropriate. Instead, a simple summary statistics and narrative synthesis has been provided.
For the detection of ''individual seizure'', when ''aEEG with raw trace'' was used, median sensitivity was 76% (range: 71-85, four studies), and specificity was 85% (range: 39-96, two studies). When ''aEEG without raw trace'' was used, median sensitivity was 39% (range: 25-80, six studies) and specificity was 95% (range: 50-100, two studies). For the detection of ''patients with seizures'', when ''aEEG with raw trace'' was used, median sensitivity was 85% (range: 70-90, three studies), and specificity was 86% (range: 43-93, one study). When ''aEEG without raw trace'' was used, median sensitivity was 80% (range: 17-100, four studies) and specificity was 100% (only one study [21] ). The reported PPV and NPV of individual studies are given in Table 1 .
Accuracy of aEEG was better when interpreted by an experienced aEEG reader [23, 28, 30] . aEEG had good inter-observer agreement when interpreted by readers with similar level of experience [21, 24, 27, 28, 30] . However, training of 3-5 h without experience in reading aEEG failed to achieve adequate agreement [22] . Five studies [21] [22] [23] [24] 28] reported that focal, low amplitude and seizures of short duration were more likely to be missed by aEEG.
Individual studies

Toet (2002) [21]
Thirty-six newborn infants with suspected seizure or moderate/severe hypoxic ischaemic encephalopathy (HIE) were enrolled. cEEG was interpreted by clinical neurophysiologists while single channel aEEG was interpreted by neonatologists independently. aEEG had sensitivity of 80%, specificity of 100%, PPV of 100% and NPV of 92% to detect ''patients with seizures''. The authors concluded that aEEG is a reliable tool to monitor seizure activity. As per QUADAS-2 tool, this study was judged by us to be having a low risk of bias. However, there were applicability concerns because the study did not evaluate the accuracy of aEEG to diagnose ''individual seizures'' in patients. [22] cEEG recordings from 40 infants (19 infants with and 21 without electrographic seizures) were selected. These recordings were compared with a single channel aEEG, which was derived from the P3-P4 leads. Three different speeds were used for recording the aEEG: 6 cm/h, 15 cm/h and 30 cm/h. aEEG recordings were independently interpreted by four neonatologists with no prior experience of aEEG interpretation. Sensitivity for ''individual seizure'' detection was 38% at 6 cm/h, 54% at 15 cm/h and 55% at 30 cm/h, while specificities were 91%, 75% and 60% for the respective speeds of aEEG recordings. The authors concluded that aEEG may be useful for long-term monitoring after confirming diagnosis, quantification and characterisation of seizures using cEEG. As per QUADAS-2 tool, this study was judged by us to be having a high risk of bias because of selective inclusion of patients with and without seizures (i.e. case control design was not avoided).
Rennie (2004)
Shellhaas (2007) [23]
One hundred and forty-four randomly interspersed strips of single channel aEEG (125 strips with one or more confirmed seizures and 19 strips without seizure) were interpreted by six neonatologists who had at least one year experience with aEEG. The neonatologists detected 21-57% of the ''strips with seizure'' and 12-38% of ''individual seizures''. Multivariate analysis showed that neonatologists' experience with aEEG interpretation, seizure duration, frequency and amplitude were the only significant factors related to correct detection of neonatal seizures on aEEG. The authors concluded that neonatal seizures are difficult to detect on aEEG even among physicians who have extensive experience. As per QUADAS-2 tool, this study was judged by us to be having a high risk of bias because of selective inclusion of patients with and without seizures (case control design was not avoided). In addition, out of the 144 strips, 125 records had seizures, while only 19 had no seizures, which could affect the diagnostic accuracy.
Shah (2008) [24]
Twenty-one neonates with clinical seizures were included. cEEG was interpreted by neurologists while two-channel aEEG with the raw trace was interpreted by neonatologists, independently. Two channel ''aEEG with raw trace'' had sensitivity of 76% and specificity of 78% for detection of neonatal seizures. The authors concluded that the two channel ''aEEG with raw trace'' when interpreted by an experienced neonatal reader detects majority of electrical seizures. As per QUADAS-2 tool, this study was judged by us to be having a low risk of bias in all domains.
3.1.5. Lawrence (2009) [25] This study was part of a randomised controlled trial to evaluate the impact of aEEG monitoring in infants more than 36 weeks postmenstrual age and at risk of seizures. Thirty-four infants had simultaneous recording of cEEG and ''aEEG with raw trace''. cEEG was interpreted by an epileptologist while ''aEEG with raw trace'' was interpreted by an aEEG reader independently. ''aEEG with raw trace'' detected 323/426 (76%) seizures. The authors concluded that ''aEEG with raw trace'' monitoring for seizures compares favourably with cEEG. As per QUADAS-2 tool, this study was judged by us to be having a low risk of bias in all domains.
Bourez-Swart (2009) [26]
Twelve infants with confirmed cEEG seizures were included in this study. cEEG was interpreted by an experienced readers while aEEG was interpreted by an experienced neonatologist. Out of 121 seizures detected on cEEG, 36 (sensitivity 30%) were detected when single channel aEEG was used while 47 (sensitivity 39%) were detected when multi-channel aEEG was used. Single and multi-channel aEEG detected most of the ''patients with seizures'' (sensitivity 92% and 100% respectively). The authors concluded that aEEG is not sensitive for detection of ''individual seizures''; however, it detects most ''patients with severe neonatal seizures''. PMA -Post-menstrual age, aEEG -amplitude-integrated electroencephalogram, CFM -cerebral function monitor, PWS -''patients with seizures'', EEG -electroencephalogram, cEEG -conventional electroencephalogram,, hrhours, PPV -positive predictive value, NPV -negative predictive value, HIE -hypoxic ischaemic encephalopathy.
As per QUADAS-2 tool, this study was judged by us to be having a high risk of bias because only those patients with confirmed seizures on cEEG were included (inappropriate exclusion of those without seizures)
Evans (2010) [27]
Forty-six cEEG recordings of neonates were compared with two channel aEEG for detection of seizures. Both cEEG and aEEG were interpreted by a single pediatric neurologist. The authors reported a sensitivity of 80 AE 11% (95% confidence interval) and specificity of 50 AE 14% (95% confidence interval) for aEEG for detection of neonatal seizures. There was significant false positive detection of seizures on aEEG due to movement artefacts. The authors concluded that aEEG may over-diagnose seizures and therefore cEEG confirmation is required prior to implementing anticonvulsant therapy. As per QUADAS-2 tool, this study was judged by us as having ''unclear risk'' of bias for the domains of Index test and Reference standard because of the unclear nature of ''blinding'' in the interpretation of index test and reference standard, as both modalities were interpreted by the same person (trained paediatric neurologist), although independently. The study also had a high concern for ''applicability of the index test'' because aEEG recordings were interpreted by trained paediatric neurologists, whereas to be applicable in real life situation, aEEG needs to be interpreted by neonatal clinicians. [28] In this study, 38 infants at high risk of seizures who had abnormal or equivocal aEEG underwent simultaneous recording of cEEG. Two hundred and sixty-five paired 10 min epochs of cEEG were interpreted by an experienced reader, while those of ''aEEG with raw trace'' were interpreted by a student, a neonatal fellow and a senior neonatologist independently. cEEG detected 41 seizure episodes in 31 epochs involving 10 infants. Sensitivity and specificity of ''aEEG with raw trace'' for detection of neonatal seizures were 84% and 66% when interpreted by student, 68% and 95% when interpreted by fellow and, 71% and 97% when interpreted by neonatologist respectively. The authors concluded that ''aEEG with raw trace'' has high sensitivity and specificity in the hands of experienced users. As per QUADAS-2 tool, this study was judged by us to be having a high risk of bias because only high risk infants with pathologic or equivocal recordings on aEEG were included (inappropriate exclusion of those with normal aEEG).
Frenkel (2011)
3.1.9. Zhang (2011) [29] Sixty-two newborn infants with confirmed seizures were monitored with simultaneous cEEG and two channel ''aEEG with raw trace''. ''aEEG with raw trace'' was independently interpreted by two neonatologist with five year experience of aEEG interpretation. Eight hundreds and seventy-six electrographic seizures were detected by cEEG. Seventeen percent of the ''patients with seizures'' and 44% of the ''individual seizures'' were detected when ''only aEEG'' was used; while 71% of the ''patients with seizures'' and 86% of the ''individual seizures'' were detected when the combination of ''aEEG with raw trace'' was used. The authors concluded that ''aEEG with raw trace'' offers accurate diagnosis of seizures. As per QUADAS-2 tool, this study was judged by us to be having a high risk of bias because only infants with confirmed electrographic seizures on cEEG were included (inappropriate exclusion of those without electrographic seizures on cEEG).
Mastrangelo (2013) [30]
Thirty-one simultaneously recorded cEEG and aEEG from 28 neonates at risk of seizures were included in the study. aEEG was interpreted by two pediatric neurologists and a senior neonatologist with no prior experience but 10 h training in aEEG interpretation. cEEG showed a total of 1240 seizures, including seven recordings with status epilepticus. Using aEEG, two pediatric neurologists and a neonatologist identified 49% and 37% of seizures respectively. They identified all recordings with status epilepticus. False positive rate was low, one false positive per 15 h of aEEG recording. As per QUADAS-2 tool, this study was judged by us to be having a low risk of bias in all domains.
Summary of the assessment of methodological quality of included studies
The results of quality assessment using QUADAS-2 tool are summarised in Fig. 2 , and proportions of studies with risk of bias and applicability concerns are graphically displayed in Fig. 3 . Five studies [22, 23, 26, 28, 29] carried high risk of bias, one [27] had unclear risk and four [21, 24, 25, 30] carried low risk of bias. In the study by Evans et al, both aEEG and cEEG were interpreted by neurologists [27] . Interpretation of aEEG by neurologist raises concerns regarding ''applicability of index test'', as aEEG is meant to be interpreted by bed-side clinicians rather than neurology specialist. There was generally a low risk of bias regarding ''reference standard'' because all studies used cEEG as a reference standard. The risk of bias was also low for ''Flow and Timing'' as both aEEG and cEEG were simultaneously recorded in all studies.
Discussion
Our systematic review identified ten studies (433 neonates), that compared aEEG versus the ''gold standard'' cEEG for detection of seizures in neonates. The studies were heterogeneous in design, outcomes and methods of application/interpretation of the index test (aEEG). The review found relatively low and variable sensitivity and specificity of aEEG for detection of neonatal seizures, and methodological issues in the majority of studies. Hence, based on the available evidence, aEEG cannot be recommended as the mainstay for diagnosis and management of neonatal seizures.
The reason for such varied sensitivity and specificity among the included studies needs discussion. Displaying the aEEG trend without the ability to confirm findings from the raw EEG signal makes its use prone to diagnostic error caused by artefacts; The study is a duplication of an included study [23] . de Vries [35] (2007) Simultaneous cEEG was not recorded. Clancy et al. [36] (2011) The study examined agreement between background classifications. The issue of seizure detection was not addressed. Zimbric et al. [37] (2011) aEEG was not used. Only limited channel raw EEG was used. Zhu et al. [38] (2012) The study was published only in an abstract form.
aEEG: amplitude-integrated electroencephalogram, cEEG: conventional electroencephalogram, EEG: electroencephalogram.
recording aEEG at different recording speeds may alter its accuracy. Many artefacts appear as seizure-like patterns in the aEEG trend. Shorter seizures are missed due to time compression in the aEEG, and focal seizures often go unnoticed due to the limited number of electrodes in use. Some of the unique characteristics that make seizures identifiable in neonates, such as spatial evolution, may not be evident on aEEG [39] . All these factors appear to have contributed to the heterogeneous results observed in our systematic review. Seizure burden in the neonatal period is known to be associated with worse neurological outcomes [40, 41] . Hence it is essential to have a test that has very high sensitivity to detect ''individual seizures'' to enable the correct identification of as many seizures as possible. Considering the inherent technical limitations, it is unreasonable to expect aEEG to detect all the seizures. If aEEG is to be used for making treatment decisions, high specificity is also important, because wrong diagnosis and overzealous treatment could be potentially harmful to the developing brain [42] [43] [44] . It is well known that even very low amplitude artefacts, such as electrocardiography (ECG) or high frequency ventilation may distort the overall aEEG trend so that neonates are misdiagnosed as having seizures. Some of the more recent aEEG systems that incorporate a seizure detection algorithm may improve seizure detection while minimising false positives [39] .
Even though cEEG is the gold standard for seizure detection, many clinicians rely on aEEG for diagnosis, monitoring and management of seizures. The recent survey of American neonatologists found that nearly 80% of those who used aEEG, used it for making decision to treat seizures [45] . In another survey, some of the comments made by the respondents were: 'currently our only limitation is how quickly we can get infants onto EEG as we have technician cover only 12 h a day' (Physician, USA); 'It is available on request only on week days, so service provision is the mainstay' (SPR, Europe). 'Access to EEG is much less available than aEEG (Neonatologist, Australia) [8] . Hence, while the ideal scenario is to have continuous multichannel cEEG, the lack of adequate resources seems to have resulted in increased (and probably inappropriate) use of aEEG for seizure detection and treatment, even in developed nations of the world.
In light of the results of our systematic review, until an accurate and acceptable alternative tool becomes available, cEEG will need to be the method of choice for diagnosis and management of Fig. 3 . Percentage of the studies with risk of bias and applicability concerns in different domains of QUADAS-2 tool. neonatal seizures. In the meanwhile more resources need to be directed towards making cEEG readily available. The remote access to cEEG servers allows for improved real-time cEEG assessment and monitoring with cEEG by experts located away from the NICU [8] .
While our systematic review is not supportive of the use of aEEG for seizure management with anticonvulsants, it is important to emphasize that, for the detection of ''patients with seizures'', the median sensitivity of 85% (range: 70-90, three studies) was reasonably good when ''aEEG with raw trace'' was used. Hence, ''aEEG with raw trace'' could be helpful in identifying neonates who might benefit most from continuous cEEG monitoring. It is also important to emphasize that many studies and systematic reviews have confirmed that the background aEEG activity trends are a good indicator of the degree of neurological insult and can predict long term prognosis in neonates [46] [47] [48] [49] . Hence, aEEG is most properly used in the NICU to assess the background aEEG activity trends.
The main strength of our systematic review is the use of the stringent guidelines of Cochrane Collaboration. Traditional narrative review articles are subjective reviews where information is collected and interpreted in a subjective and informal manner [50] . In contrast, a systematic review is a multistage and objective process aimed at the identification of all reliable evidence regarding a specific clinical problem. Systematic reviews strengthen the link between best research evidence and optimal health care and facilitate public policymaking [51, 52] . Another strength of our review is the use of PRISMA guidelines for reporting. Even though systematic reviews are well conducted, if the clarity and transparency of these reports are not optimal, it diminishes their value to users. To overcome this deficiency and improve reporting, the PRISMA guidelines were established in 2009 [15] .
The limitations of our systematic review are mainly related to the limitations of the included studies that include study design, risk of bias, and applicability concerns. It is well known that if a study has limitations in its design or conduct, estimates of diagnostic accuracy can differ systematically from the true accuracy [53] . Hence, it is important to have well-designed studies while evaluating a diagnostic accuracy test.
The ideal design of such a study to evaluate the diagnostic accuracy of aEEG for neonatal seizure detection should preferably be along the following guidelines. Neonates who are at high risk of developing seizures (e.g. moderate to severe hypoxic ischaemic encephalopathy) and those with clinically suspected seizures should be considered as eligible. Parents of all eligible infants should be approached for consent. Index test should be the two channel aEEG with raw trace and reference test, the conventional video-EEG. Both the aEEG and cEEG should be started simultaneously and recording continued simultaneously for at least 24 h. The investigators will need to ensure that the date and time (precise to seconds) is same on both machines, to enable comparison. The aEEG should be analysed by at least two neonatal clinicians without knowledge of cEEG findings. The cEEG should be analysed by at least two neurologist/neurophysiologists without the knowledge of aEEG findings. Data should be collected with regards to time and date of onset of seizure and duration of seizure. Standard statistical methods should be used to calculate sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for diagnosis of ''patients with seizures'' and also for diagnosis of ''individual seizures''. For diagnosis of ''individual seizure'', time of onset and duration of seizure are to be compared between cEEG and ''aEEG with raw trace''. Specificity and NPV are to be calculated for diagnosis of ''individual seizure'' based on an assumption that number of ''seizure-negative'' (interictal periods) episodes are equal to number of ''seizure-positive'' episodes. Inter-observer agreement for seizure detection should be calculated using k statistics. Reporting of the results should be done according to the STARD guidelines [54] .
Conclusion
Studies included in the systematic review showed aEEG to have relatively low and variable sensitivity and specificity. Based on the available evidence, aEEG cannot be recommended as the mainstay for diagnosis and management of neonatal seizures. There is an urgent need of well-designed studies to address this issue definitively.
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